The magnetization dynamics of Co nanoislands on Cu(111) is studied on the atomic scale by means of the stochastic Landau-Lifshitz-Gilbert equation. The exchange and anisotropy constants of the spin Hamiltonian are computed from first principles. We focus on hysteresis loops and magnetic switching in dependence on temperature, island size, and strength of an external magnetic field. The magnetic switching of nanoislands whose magnetization is reversed on the sub-nanosecond time scale is found consistent with the Stoner-Wohlfarth theory. We separate the superparamagnetic from the ferromagnetic regime and provide evidence that nanodomains can exist at least on a sub-picosecond time scale.
Motivation
Over the years, the sizes of magnetic devices (e.g. sensors and spin electronic devices) have been strongly reduced. As a consequence, the dynamics of the devices' magnetization becomes increasingly important. Especially for magnetic recording and switching, the stability of the magnetization against thermal fluctuations is essential. On one hand, the size-dependent Curie temperature [1, 2] sets a lower limit for the device's extension. On the other hand, external parameters, such as the temperature and an external magnetic field, determine the dynamics as well.
The magnetization dynamics on the micro-and nanometer length scales is successfully described by micromagnetic simulations [3] [4] [5] .
In these calculations, the local magnetization can be viewed as an average over tens or even hundreds of atomic magnetic moments. Because details of the magnetization dynamics on an atomic scale are lost, this approach is not well suited for studies of small systems of up to, say, a few hundred atoms.
With respect to the former, there is a need for theoretical magnetization dynamics investigations of small systems that rely on first principles calculations of the electronic and magnetic properties, complementing micromagnetic simulations. In this paper we report on such a study of Co nanoislands on Cu(111), following the approach of Skubic et al [6] . For the magnetization dynamics on the atomic scale, a local magnetic moment is attached to each site (atom). Therefore, an obvious basis of the approach is the classical Heisenberg model whose site-dependent exchange and magnetocrystalline anisotropy constants are obtained from first principles calculations. The dynamics of the local magnetic moments is described by the stochastic LandauLifshitz-Gilbert equation, with the Gilbert damping α being the only adjustable parameter [7] [8] [9] .
Co nanoislands on Cu(111) themselves lend support to an investigation because they can be well controlled in experiments. The magnetic switching in these islands has been investigated by Rodary et al [10] , using a low-temperature scanning tunneling microscope with an external magnetic field perpendicular to the surface. Three regimes have been identified with respect to the island size. For small islands, the coercive field is zero, which is explained by superparamagnetic behavior. This regime is followed by a strong increase of the coercive field with island size. It is qualitatively explained by a single-domain state in the spirit of Stoner-Wohlfarth theory [11] . For even larger islands, the switching field decreases, which is attributed to multi-domain states.
With regard to the abovementioned experiments [10] , we mainly address hysteresis loops and magnetic switching of islands with up to 400 atoms. The main questions to be answered comprise the quantities and parameters at which the reversal takes place: island size, temperature, and strength of an external magnetic field. Further, we investigate whether the Stoner-Wohlfarth macrospin model applies even for small islands. We also show rather short-lived magnetic nanodomains that can exist in principle.
This paper is organized as follows. In section 2 we present our theoretical approach for Co/Cu(111). Results are discussed in section 3 for magnetic nanodomains (section 3.1), hysteresis loops and magnetic switching (section 3.2), as well as magnetic stability (section 3.3). We conclude with an outlook in section 4.
Theory

Co islands on Cu(111)
Co nanoislands of 2 monolayer (ML) height show a triangular shape (figure 1; cf [12] [13] [14] [15] ). The Co atoms follow the fcc(111) parent lattice of the Cu substrate, but the islands' orientation depends on whether a stacking fault is present ('hcp') or not ('fcc') [16] . The orientation mainly has implications for the adatom kinetics and growth of the islands [17] , rather than for the exchange interactions (see section 2.3).
Spin Hamiltonian
In the atomistic approach, local magnetic moments m i are attached to each site i at r i (|m i | = 1). The spin Hamiltonian
comprises the exchange interaction
of the classical Heisenberg model and the uniaxial magnetocrystalline anisotropŷ
(z surface normal). The sets of exchange constants J i j and anisotropy constants K i were computed from first principles (section 2.3). The dipolar interaction
accounts for the shape anisotropy, with the elements of Q i j given by
An external magnetic field B ext = B ext e z is applied along the surface normal, leading to the Zeeman term
Exchange and anisotropy constants
Prior to the magnetization dynamics calculations, we computed the electronic and magnetic structure of 2 ML thick Co films on Cu(111) from first principles, using a multiplescattering approach. Our scalar-relativistic and relativistic Korringa-Kohn-Rostoker methods [18] rely on the local spindensity approximation to density-functional theory and utilizes the Perdew-Wang exchange-correlation potential [19] . Based on these ab initio calculations, both the exchange constants J i j and the anisotropy constants K i have been computed for a laterally infinite 2 monolayer thick Co film on Cu(111), using the magnetic-force theorem [20] [21] [22] [23] [24] [25] . Consequently, edge effects in the islands are neglected but the Cu substrate is fully taken into account.
We studied Co films in both fcc and hcp stacking and found minor differences in the local magnetic moments. Also, the Heisenberg exchange constants depend marginally on the stacking (relative difference less than 1.2%). Therefore, we consider only fcc islands in this paper.
The exchange constants J i j decay rapidly with distance r i j between the sites i and j (figure 2). The J i j are positive for the first three shells, indicating ferromagnetic coupling, but change sign with increasing distance. Monte Carlo calculations give a Curie temperature of 1140 K, which corresponds nicely to a value of about 0.75T C (bulk) ≈ 1041 K, as estimated by Díaz-Ortiz et al [26] (T C (bulk) = 1388 K [27] ).
Compared to the local magnetic moments of Co (top layer: 1.70 μ B ; subsurface layer: 1.66 μ B ), the magnetic moments in the Cu substrate are negligibly small (less than 0.01 μ B ). Consequently, the exchange constants of Co-Cu pairs are three orders of magnitude smaller than those between nearest-neighbor Co pairs (| J | < 0.02 meV for Co-Cu, but |J | 20.9 meV for Co-Co). Hence, we can safely restrict ourselves to the exchange interaction between Co atoms and neglect those between Co and Cu atoms in (2) .
The layer-dependent anisotropy constants K i are negative, indicating perpendicular anisotropy (top layer: −0.059 meV; subsurface layer: −0.011 meV) in agreement with experiment (Farle et al give −0.040 meV/atom at room temperature [28] ) and theory [29] .
Atomistic magnetization dynamics
The magnetization dynamics of the Co islands is described by the stochastic Landau-Lifshitz-Gilbert equation
with the gyromagnetic ratio γ and the Gilbert damping α 1. The two terms account for precession and relaxation with respect to the local effective field
Here, the local temperature-dependent random fields b i (t) account for thermal fluctuations [6, 30] . Following Langevin dynamics these fulfil
Their probability distribution is given by a Gaussian with width σ = √ 2αk B T /γ m. The present modeling of thermal fluctuations by random local magnetic fields b i (t) is in analogy to Brownian motion in which random forces act on the particles. The probability distribution of the fluctuations follows from the Fokker-Planck equation and the Langevin dynamics in which the Boltzmann distribution has to be recovered in thermal equilibrium. Since a detailed derivation is rather involved, we refer to publications of Skubic et al [6, 30] . We now briefly discuss the effect of thermal fluctuations. The average magnetization m(t) of an island precesses counterclockwise around and relaxes slowly toward the easy axis (z axis; figure 3(a) ). Thermal fluctuations appear as small deviations from the otherwise smooth trajectory. A selected m i follows in general the trajectory of m(t) but the deviations are much stronger ( figure 3(b) ), as is apparent from the broad circular 'band' in which the trajectory cannot be resolved in this representation.
By modeling thermal fluctuations as random local magnetic fields that act on the local magnetic moments, Stoner excitations are unlikely at the low temperatures addressed in this work. However, low-energy excitations (magnons) can show up, as has been investigated by the dynamical spin correlation function (not discussed here). In another approach to magnetization noise, introduced by Safonov and Bertram [31] , mainly the low-energy eigenmodes are excited at low temperatures, a result which is consistent with the present modeling.
The damping constant α accounts for inelastic processes [32] and is fixed to 0.04 in the present study. In principle, α depends on the temperature [33] [34] [35] . It mimics the coupling of the local magnetic moments to quasi-particles that dissipate energy (e.g. phonons). Since the properties of these quasi-particles depend on the temperature, the coupling and consequently the damping also depend on the temperature. Further, Steiauf and Fähnle [36] showed that the damping depends on the orientation of the m i , due to the anisotropy of the Fermi surface. This implies for nanoislands that the damping matrix α i of a rim atom could differ considerably from that of an interior atom, especially in very small systems.
For the analysis of the magnetization dynamics we utilize the spin-spin correlation function
which quantifies the mutual alignment of magnetic moments separated by a distance d. The average is over the entire island.
Concerning hysteresis loops, we changed the external magnetic field B ext in finite steps. A maximum field of 2 T drives the magnetization into saturation. At each constant B ext , the system evolves for a duration of 30 ps (rest time). The results presented in section 3.2 are robust against the size of the magnetic field steps and against changes of the rest time, provided the rest time is long enough to allow for relaxation to a collinear state.
In the present investigation we applied Monte Carlo simulations [37, 38] for searching for ground-state configurations and critical temperatures. For the magnetization dynamics calculations within the SLLG framework, the equation of motion (7) for the local magnetic moments is integrated in time; this provides the realistic (femtosecond) time scale. The SLLG equation was also used to deduce ground-state configurations.
Results and discussion
Magnetic nanodomains
As stated in section 1, it is per se not clear how the magnetization reversal in nanoislands takes place. On one hand, the islands' magnetization could reverse coherently, as in the Stoner-Wohlfarth theory. Or on the other hand, the reversal could proceed via the formation of nanodomains in which island corners could play a significant role due to the lower atomic coordination.
It is obvious that nanodomains cannot exist in such small islands in the long term. However, it is conceivable that they can show up on very short time scales, especially if the system is highly perturbed, e.g. by an abrupt change of an external magnetic field. Therefore, we have investigated-as a prerequisite of the following discussions-the evolution of a system which is prepared in a random configuration; such a high-energy configuration allows us to determine the essential minimum rest time used for the hysteresis-loop calculations (section 3.2).
The evolution toward a ferromagnetic (collinear) state is studied by means of the correlation function S(d; t) for B ext = 0. At t = 0, the small absolute values of S(d; t) at distances d > 0 indicate a random state with small magnetization (white in figure 4 ). With time marching on, the local moments in the close vicinity of a local moment become parallelly aligned (S(d, t) > 0 for small d; area in red or dark gray with +). This area increases almost linearly with t.
At t ≈ 100 fs, the collinearly aligned region around a local moment extends up to d ≈ 30 bohr radii. This area is followed by a region (from about 30 bohr radii to about 70 bohr radii) in which the moments are almost oppositely aligned (S(d, t) < 0; blue (gray with −) in figure 4 ). For even larger distances (d > 70 bohr radii), the moments become again parallelly aligned. Further, the extended regions with parallel (red or gray with +) and anti-parallel (blue or gray with −) alignment evidence that even in such small islands, with N isl = 400 Co sites, magnetic nanodomains show up, at least on a subpicosecond time scale.
Snapshots of the islands' magnetic structures are obtained from the projection
Nanodomains would appear as separated by abrupt changes (with a wall width of a very few lattice constants), whereas a spin wave would show up as a gradual deviation from the average magnetization in an s i (t) map. In the random initial configuration (t = 0 fs in figure 5 ), s i (t) reflects the local moments' orientations of individual sites. With increasing time, the regions with positive s i increase in size and coalesce. At t = 152 fs, for example, there exist mainly two nanodomains: a large one and a significantly smaller one at the right edge of the island. The latter domain remains stable but changes position. More precisely, it moves to the top corner at t = 300 fs, moves back (t = 402 fs) and shrinks until it vanishes completely, leaving behind a ferromagnetic island. The islands become completely collinear after about 1.5-2.0 ps (not shown).
The magnetic structure of the individual layers (left and right columns in figure 5) is not correlated at small times, which is attributed to strong fluctuations. At later times (say t 150 fs), the domain structure shows up in both layers.
From the study of several samples we conclude that island edges act as nucleation centers for magnetic nanodomains. In some cases, two corners served as nucleation centers (not shown here). The 'trapped domains' are rather persistent, which one may attribute to the small coordination number of the Co corner sites, as compared to those in the islands' centers.
Magnetic frustrations typically show up in triangular lattices with antiferromagnetic coupling, for example at an fcc(111) surface with negative effective Heisenberg exchange (J < 0). Also the interplay of magnetic anisotropy and dipolar coupling can lead to magnetic frustration, even in the case of vanishing exchange, as was shown for one dimensional chains by Serantes et al [39] . Hence, one might conclude that the appearance of transient nanodomains is due to magnetic frustrations. However, in Co/Cu(111), the Heisenberg exchange is the dominant contribution in the Hamiltonian and clearly prefers ferromagnetic ordering; this rules out magnetic frustrations as the origin of transient nanodomains. S(d, t) ). Temperature T = 10 K, island size N isl = 400 atoms.
Hysteresis loops and magnetic switching
We now turn to the magnetic switching upon application of an external magnetic field, with respect to scanning tunneling microscopy experiments by Rodary et al [10] .
Ferromagnetic and superparamagnetic hysteresis loops are distinguished by the 'area' which is enclosed by the hysteresis curve: finite in the ferromagnetic regime but zero in the superparamagnetic regime. However, in the transition regime, the magnetization fluctuations are large and, consequently, the area does not allow the two regimes to separate clearly. Also the coercive field, as an alternative measure, fails in the determination of the transition temperature.
It turns out that better measures are m(B ext ) averaged over the part of the hysteresis curve in which B ext 0 T and B ext 0 T, (12) (B ext in units of Tesla; the prefactor of 1/T(esla) makes κ < dimensionless) and similarly for κ > . The 'double' average indicates the average of m(t) over the duration τ in which B ext is kept constant (section 2.4). The general trend of κ > with temperature is understood as follows, for the example of an island with 36 atoms (figure 6). At low temperatures (inset for T = 10 K), the system is ferromagnetic, the coercive field is sizable (about 0.95 T), and the hysteresis loop is almost rectangular. Consequently, the top and the bottom parts of the hysteresis loop cancel partly in (12) , making κ > small. With increasing temperature (inset for T = 15 K), the coercive field decreases (about 0.25 T), resulting in a reduced cancelation and an increased κ > . At even higher temperatures (inset for T = 20 K), thermal fluctuations become pronounced, thereby reducing the cancelation further and still increasing κ > . For very high temperatures (inset for T = 100 K), the thermal fluctuations are so strong that it is hardly possible to observe a hysteresis loop; hence, κ > decreases with temperature. An analogous consideration holds for κ<. We define the superparamagneticferromagnetic transition temperature T trans as the temperature . Temporal evolution of the magnetic structure in 2 ML-thick Co islands on Cu(111) which is prepared in a random state. The projection s i (t), defined in (11), is shown as color scale (gray scale) for the top Co layer (left column) and the subsurface Co layer (right column) at times t = 0, 52, 100, 152, 300, and 400 fs (from top to bottom). For clarity, s i (t) is interpolated between sites. The island edges are 91.6 bohr radii long, which corresponds to 20 atoms. N isl = 400 atoms, T = 10 K.
for which κ > is maximum and κ < is minimum, that is at 20 K for N isl = 36 atoms. The transition temperature depends almost linearly on the island size, as is seen by the linear fit to the data in figure 7 . The Curie temperature sets an upper limit for this temperature because the system will be paramagnetic at even higher temperatures. This limit is reached for a roughly estimated island size of 1000 atoms.
By recording S(d; t) during a complete hysteresis loop we show that Stoner-Wohlfarth theory is valid even for small islands on the time scale of today's experiments. Also for islands at the superparamagnetic-ferromagnetic transition (for example T = 20 K and N isl = 36 atoms in figure 6 ), thermal fluctuations play a marginal role: The local magnetic moments are almost collinear during the entire sweep. To be more precise, S(d; t) and s i (t) range from 0.96 to 1.00 for all distances d and times t, indicating a collinear state without nanodomains.
Superparamagnetic and ferromagnetic states have been theoretically investigated by Shek et al [40] . The major difference from the present work is that Shek et al utilize Monte Carlo calculations which give a fictitious dynamics, whereas Landau-Lifshitz-Gilbert calculations provide a realistic dynamics on the femtosecond time scale. Further, the Heisenberg exchange constants were not calculated from first principles, in contrast to the present study.
Magnetic stability of Co nanoislands
In the Stoner-Wohlfarth theory, the stability of a magnetic system is related to the uniaxial magnetic anisotropy which produces a double-well potential for the macrospin of the system. A system is considered stable if the macrospin resides in one of the potential minima for a duration τ , which is assumed to be of the order of seconds [27] . Thermal fluctuations increase the rate of transitions from one minimum to the other and result in a superparamagnetic state, in dependence on temperature and island size.
We recorded the average magnetization of a 36-atom island for B ext = 0 at selected temperatures (figure 8).
Since the uniaxial magnetocrystalline anisotropy prefers perpendicular anisotropy, we estimate roughly the magnetic stability by how often m(t) z changes sign during recording (duration 3 ns, which is much smaller than the duration τ in the Stoner-Wohlfarth stability criterion). For temperatures of 15 K, 20 K, and 30 K-that is below, at, and above T trans (figure 7)-we find 6, 14, and 29 flips, respectively. In other words, the islands are stable within about 0.5, 0.2, and 0.1 ns on average, which provides upper limits for the time resolution necessary in experiments [10] .
The above result can be related to the Stoner-Wohlfarth theory.
The average time τ between switchings is proportional to exp(E/k B T ), with the energy density E = K m z 2 . We estimate the magnetic anisotropy density K to be 0.035 meV/atom, using the first principles results (section 2.3). This results for a 36-atom island in ratios of the average rest times of 1.6:1.3:1.0 for temperatures 15 K:20 K:30 K, whereas the ab initio ratios read 5:2:1. This means that the islands described by the stochastic LandauLifshitz-Gilbert equation flip less often than in StonerWohlfarth theory, which we explain as follows. The StonerWohlfarth macrospin can be viewed as rigidly 'glued' atomic magnetic moments; hence, temperature fluctuations act on all moments simultaneously and in the same manner. In contrast, the atomistic approach includes all (transverse) degrees of freedom of the individual atomic moments, and the temperature fluctuations act on each moment differently. Therefore, it is more unlikely that the magnetization of the entire island switches than in the Stoner-Wohlfarth model.
Concluding remarks
The stochastic Landau-Lifshitz-Gilbert equation in conjunction with the Heisenberg model is a powerful tool for detailed investigations of the magnetization dynamics of nanostructures, complementing micromagnetic simulations. Using first principles exchange and anisotropy constants, the calculations are based on state-of-the-art electronic and magnetic structure computations.
Even for small Co nanoislands on Cu(111) we showed that the magnetization switching is consistent with the StonerWohlfarth theory, although nanodomains can in principle exist on a sub-picosecond time scale. By a detailed analysis of hysteresis loops in dependence on temperature, island size, and external magnetic field, we were able separate superparamagnetic and ferromagnetic regimes. Concerning the magnetic stability, the mismatch with scanning tunneling microscopy experiments [10] calls for improvements of the approach.
The present model can be amended by taking into account the site dependence of the exchange constants J i j and of the anisotropy constants K i . In particular, for very small islands, with a small number of atoms, these could be important. For example, the J i j at the islands' edges could result in a noncollinear (canted) ground state which may affect the magnetic stability and the collinear-noncollinear transition.
Also the treatment of the damping allows for sophistication. The damping constant α, taken as constant in this work, depends on the temperature [35] and varies with the orientation of the local magnetic moments [36] . Although the spin-orbit coupling in Co is weak [41] , the DzyaloshinskiiMoriya interaction could be a further essential improvement of the theory [42] . Eventually, we note that with respect to low-temperature scanning tunneling microscopy experiments the model can be extended to current-induced effects, in the spirit of the sd model [43] .
